Turbulent flows are often encountered in common practice, usually at high Reynolds number. The development of Lagrangian stochastic models of these flows requires knowledge of Lagrangian statistics. To study the Lagrangian statistics of turbulent pipe flow, a dedicated 3D particle tracking velocimetry set-up has been designed. In this paper, design parameters, selection criteria and solutions are discussed. The measurement accuracies are studied in detail. Typical 3D particle tracking velocimetry results for turbulent pipe flow are compared and found to be in good agreement with direct numerical simulations.
Introduction
Turbulent fluid flows play an important role in numerous engineering fields, including process technology, geophysics, aerodynamics and chemical engineering. During the past decades, many researchers have tried to solve the underlying problems, as a better understanding of turbulent flow phenomena can lead to more efficient machinery in all these areas. In spite of all this attention, no complete theoretical model for the random fluctuations of turbulent fluid flows exists. The random behaviour makes a deterministic approach to turbulent flow problems impossible. As for the alternative to analytical models, numerical models, these are either based on empirical relations or limited to low Reynolds numbers: direct numerical simulations, DNS. One therefore has to turn to statistical methods such as Lagrangian stochastic models. For the development of such models, knowledge of Lagrangian statistics of turbulent flows is usually needed, for example to calculate an unknown damping function included in such a model. For homogeneous, isotropic turbulence, for example grid or wind-tunnel turbulence, this damping function is known [1, 2] . For other sorts of turbulence, more common in practice, a unique formulation has yet to be found [3, 4] . Rather than focusing on homogeneous turbulent flows, the present research aims at measurements of inhomogeneous turbulent flow through a pipe, in order to quantify the damping function in this case.
The need for Lagrangian statistics make experimental methods in a Lagrangian frame of reference indispensable. Such techniques have rapidly been developed over the last few years and presently several fully three-dimensional Lagrangian techniques are available. They can be divided into two main categories, namely optical and sonar techniques. The main advantage of the sonar techniques [5] is the direct measurement of particle velocities using Doppler shifts. Another advantage is that measurements in non-transparent media are possible at high sampling frequencies, up to a few kHz. The drawbacks of sonar techniques are related to the seeding of the fluid with tracer particles. The working principle and software algorithms applied currently demand a relatively large seeding size, in the order of tenths of millimetres, and very low seeding densities, in most cases not more than one particle in the measurement volume at a certain time. Seeding densities and sizes are more flexible in the case of optical techniques such as three-dimensional particle tracking velocimetry (3D PTV) [6] [7] [8] [9] [10] [11] . As indicated by Hoyer et al [12] , the maximum number of particles that can be tracked simultaneously by 3D PTV systems gradually increased to O (10 3 ) since the introduction of the technique in the 1980s. This number is thought to represent the limit for classical 3D PTV systems with four cameras. A new technique called 3D scanning PTV is introduced by [12] . Innovations in illumination, image acquisition and analysis all lead to a significant increase in the maximum number of trackable particles. This can be particularly useful when spatial derivatives of the velocity field are of interest. The sampling frequency of the optical techniques, however, is limited by the frequency of the camera which is typically between 10 Hz and 1 kHz, although extremely fast image detectors exist that can reach frequencies up to 70 kHz [8] or even 25 × 10 6 Hz [13] . These fast cameras are usually very limited in resolution or in measuring volume.
Accurate determination of Lagrangian statistics, such as velocity correlation functions, demands that a large number of fluid or tracer particles can be followed over a significant time interval. Furthermore, the sampling frequency is required to be at least twice the characteristic frequency of the flow phenomena of interest. It can therefore be concluded that 3D PTV is a suitable method for the determination of Lagrangian statistics as long as the frequency of the image recording equipment is sufficient to capture all relevant flow phenomena. Sonar techniques and those employing fast image detectors, on the contrary, suffer from low seeding densities and short measurement times, respectively.
The accuracy of optical measurements is mainly determined by the accuracy of the camera placement and calibration. The present study therefore deals with the design and accuracy of a novel 3D PTV camera support and calibration system for flow through pipes, or other closed ducts. The design parameters for such a system will be discussed first (section 2). In section 3 a design for the new 3D PTV set-up is described. The accuracy of the set-up is assessed in section 4 and finally, the applicability of the method to turbulent pipe flow is proven by comparing experimental results with DNS in section 5.
Design parameters for a high-accuracy 3D PTV test rig
In this section, the design parameters for a high-accuracy 3D PTV system for high Reynolds number are described. The test section is a pipe (see section 1). Other parameters follow, for example, from the necessity to calibrate the cameras.
Description of test rig
Turbulent pipe flow is created in a water loop driven by two centrifugal pumps, see figure 1. The in-line centrifugal pumps of type DPV18-30, manufactured by Duijvelaar pompen, of 3 kW each are placed in parallel. A frequency controller (F in figure 1) facilitates control of the Reynolds number in the measurement section. The Reynolds number, based on the bulk velocity, U b , and pipe diameter, D, can be varied between 10 3 and 10 5 . The mass flow rate is measured using a Micro Motion Elite CMF300 mass flow and density meter, in figure 1 indicated by MM. The inaccuracy of the CMF300 in the range of flow rates presented in this paper is less than 0.5% of the flow rate. The water reservoir contains about 2 m 3 of water, to facilitate water temperature stabilization. A filter prevents disturbance of the measurements by large particles. A flow straightener, the tube bundle conditioner of ISO 5167-1:1991 [14] , is placed downstream of a 90
• bend to discard all secondary flow effects (see figure 1 ). This ensures a symmetrical velocity profile in the measurement section, as will be validated in section 5.3.
The measurement section consists of a glass pipe to ensure optical accessibility. A water-filled rectangular glass box minimizes optical distortions (see the cross-section in figure 1 ). The pipe diameter is chosen relatively large, 100 mm inner diameter, because measurements at high Reynolds numbers are required and because low fluid velocities are less demanding with regard to the time resolution of the image recording equipment. To visualize the flow, 50 µm polyamide seeding particles are added to the water flow. The particles have a mass density close to that of water under atmospheric conditions (ρ = 1030 kg m −3 ) and are close to being spherical. The relaxation time for small particles is shown by Albrecht et al [15] to be
where d is the particle diameter, ρ is the mass density and µ f is the dynamic viscosity. The subscripts p and f stand for the particle and fluid, respectively. For the above seeding particles a relaxation time of τ p ≈ 0.2 ms is obtained. Of course, these particles have to be able to follow all velocity fluctuations of the flow. The most rapid, physical velocity fluctuations have a characteristic frequency close to the Kolmogorov frequency, 1/τ k , where τ k is the Kolmogorov time. To obtain an accurate estimation of the Kolmogorov timescale, it is estimated using spectral densities as calculated with DNS. The largest meaningful frequency in the spectrum appeared to be about 1 Hz for Re b = 5300, so τ k is about 1 s. As the particle relaxation time is four orders of magnitude smaller than the Kolmogorov time, it can safely be assumed that the particles follow all flow fluctuations.
3D position calibration
The principle of 3D PTV requires a minimum of two synchronized cameras to capture instantaneous 3D particle positions in the measurement volume. Three cameras are used here to minimize ambiguities in particle detection and to allow for somewhat higher seeding densities. The cameras (Kodak MegaPlus ES1.0) have a 10 bit greyscale CCD with a resolution of 1018 × 1008 pixels and a maximum sampling frequency of 30 Hz. The distance between the camera and the measurement volume, in combination with the camera lens, are important parameters because of the influence on the following measurement parameters:
• The residence time of a particle in the measurement volume is linearly related to the height of the volume in the axial direction. An axial length of about 100 mm was chosen since it ensures sufficient particle residence times for Reynolds numbers up to about Re b = 2 × 10 4 . The entire height of 100 mm should be observed by all three cameras, of course.
• Given the resolution of the cameras and the size of the tracer particles, the projection of a seeding particle on the camera CCD should at least have a diameter of a few pixels. This facilitates the use of a sub-pixel accurate grey-value-weighed determination of the tracer particle centre. For particles with a diameter of 2-3 pixels, the error in the location of the centre is less than 0.1 pixel [16] . A typical particle image size of 2-3 pixels was selected for our measurements.
• As we are considering a measurement volume, the depth of field of the camera system should be sufficient to obtain sharp tracer particle images at all places in the measurement volume. The depth of field increases with decreasing focal length of the lens, f , increasing camera to object distance, L, and decreasing aperture stop number. A powerful light source allows a small aperture stop number and is thus very important. The remaining parameters (f and L) need to be optimized by the design of the PTV set-up.
The fluid velocities have to be determined accurately in all directions also at moderate Reynolds numbers such as for example Re b = 5300. In turbulent pipe flow at this Reynolds number, velocity fluctuations in radial and tangential directions have a zero-mean almost-Gaussian distribution with standard deviations of about σ = 3 mm s −1 . To capture the full velocity distributions in these directions it should at least be possible to accurately capture particle velocities of about 1 mm s −1 , which corresponds to 33 µm/frame at the mentioned frame rate. This value is an indication of the desired 3D particle position accuracy as the velocities in the mean-flow direction are much higher, for this particular Reynolds number around 60 mm s −1 . The position of the tracer particles in 3D can only be determined if the position is calibrated. The deflections of light due to the differences in refractive indices of air, glass and water make it difficult to analytically determine the transformation parameters between the actual 3D or global coordinates and the measured 2D camera coordinates. In addition, even with an analytical model calibration measurements are still required. An in situ calibration method with a multitude of calibration points is therefore selected, see figure 2. The calibration unit to be designed should allow for reproducible placement and accurate movement of a well-defined object throughout the measurement volume. The positioning error of the calibration unit should be of no influence on the measurements and should therefore be at least an order of magnitude smaller than that of the particle detection method. During the actual measurements, the unit should not interfere with the fluid flow, of course.
The 3D particle tracks are determined using the 3D PTV algorithm developed by Kieft et al [11] who based their method on the work of Yamamoto et al [17] and Nishino et al [18] . Each detected particle is situated somewhere along a perspective line for each of the three cameras. The position of a particle can then be reconstructed at the position where the three perspective lines cross. For the construction of the perspective lines, one needs to know the translation between camera coordinates and global coordinates. During the calibration procedure a well-defined object is placed at several known positions. This information is used to determine which (X, Y, Z) position is projected on which camera pixel (x, y). Equations of the following form enable reconstruction of actual (X, Y, Z) positions and interpolation between the finite number of calibration points:
where n o represents the order of the linear terms and n c the order of the higher order terms. The parameters a, b i , c i and d ij are determined using a least squares procedure. After the detection of the 3D particle positions, the algorithm checks which particle in frame i +1 is most likely to match to a particle in frame i. During this last step, information on previous matches of the current particle and neighbouring particles, up to frame i, is used to extrapolate the particle track to the most likely position in frame i + 1. Although this algorithm is not specially designed for turbulent fluid flows, it shows good performance in tracking the relatively simple particle motion encountered in pipe flow as shown in section 5. With regard to the camera positioning, the ideal configuration would be an orthogonal setting resulting in the smallest camera-image dependence. Kieft et al indicate that the error in the 3D localization of a seeding particle is minimized by selecting the angles between the optical axes of the cameras to be 40
• or more. Fine tuning of camera position and orientation should be possible, to correctly focus each camera at the measurement volume. In addition, the orientation of the camera and the distance to the measurement volume should remain constant during the measurements, to ensure validity of the calibration data.
Design of the camera support system and calibration set-up
This section describes the design of the camera frame (3.1), the calibration unit (3.2) and the illumination equipment (3.3) in detail, based on the design parameters of section 2.
The camera support system
As described in section 2, the main features of the camera support system are given as follows:
• accurate positioning of the cameras at a relatively large distance to the measurement volume; • facilitating an angle between the optical axes of the cameras of 40
• or more; and • maintaining these positions throughout the calibration and 3D PTV measurement procedures. In other words, no relative motion between the cameras and measurement volume is allowed.
In the design phase of the three camera set-up, a statically determined approach is taken. In other words, each body will be treated according to Maxwell's principle [19] , which implies that each degree of freedom (DOF) is prescribed once. This means that for each rigid body, a total of 6 DOF, three translations and three rotations, are to be defined, either as positions to be held or desired motions to be set by manipulation. For the three cameras and the measurement section we thus have 24 DOF to look into. Because of the statically determined design there is no incorporation of unknown stresses in the frame or flow tube even if there is a spatial thermal gradient in the measurement area. By avoiding such unknown thermal stresses, the frame is free of thermal snapping. The cameras (weighing less than 1 kg each) are attached to the flow tube instead of mounting them on classical, separate, camera support stands. The influence of relative motion between the laboratory floor and the flow tube, for example due to vibrations, on the relative position of the cameras to the measurement volume is avoided, or at least kept within allowable limits, in this way. This statement is validated in section 4, because too much relative motion of the cameras with respect to the measurement volume would invalidate the camera calibration and 3D particle localization would become impossible.
To obtain a stiff, lightweight frame between the cameras and the flow tube, an equilateral triangular frame is constructed between the cameras. This results in an angle of 60
• between the optical axes of the cameras in order to optimize the 3D position accuracy of the system (see section 2.2). The triangle (a in figure 3) , the sides of which are 800 mm in length, facilitates positioning of the cameras with respect to each other and maintaining this alignment with the measurement section. The distance between the camera CCD and the centre of the measurement volume is experimentally determined to be optimal, see section 2.2, at 850 mm with a camera lens focal distance of 50 mm.
The plane of the triangle a is positioned and held at a constant distance parallel to the flow tube t by the three triangles b, c and d. To fix the triangle to the flow tube properly, two distant points M and N on the flow tube are selected, one on each side of the measurement section, where clamps are bolted around and glued to the glass flow tube. The two lower camera connection points, on the base of the camera connecting triangle a, are each connected to the M and N clamps. The two triangles b and c used for that purpose also support the weight of the three cameras. The upper point of triangle a is fixed to clamp M by d, which is also a triangle connection like b and c to avoid obscuring the upper camera's view of the measurement section. All cameras are mounted on more or less correctly inclined holders with incorporated elastic hinges. Fine tuning of the camera-to-measurementvolume distance is possible. The elastic hinges allow accurate camera angle adjustments without the hysteresis that would normally occur with the use of classical pinned hinges.
The calibration unit
Downstream of the measurement section, a section of the flow tube can be removed for calibration purposes. While the water level is kept stationary just above the measurement volume, the calibration unit facilitates accurate, reproducible positioning and movement of a calibration grid throughout the measurement volume. The grid is made such that it appears on the camera CCD as a black object with white grid points. In the centre of the grid, three larger grid points are placed in an L-shape to identify the horizontal and vertical directions. For a correct distinction between the velocity components, it is important that the grid is placed such that the long edge of the 'L' is parallel to the axis of the pipe. For the same reason as mentioned in section 2.2, the size of the small grid points should be chosen such that the projections of the dots on the camera CCD are at least several pixels in diameter.
The fabrication accuracies for the grid are very important for the reliability of the calibration results, because the calibration method is based on the knowledge that the position of the grid points and thus the distance between them is exactly known. The grid is manufactured out of a 2.5 mm thick glass plate which is single-sidedly coated with a chromium coating of 150 nm thickness. The grid points are made up out of circular voids in the coating with a diameter of 0.3 mm. The three larger dots (see figure 2 ) have a diameter of 0.6 mm. The diameters mentioned are accurate within 0.5 µm. The relative position of two neighbouring grid points is accurate within 0.1 µm.
An impression of the calibration unit is shown in figures 4 and 5. The calibration grid is held in place by tube R which is permanently fixed to a horizontal plate H. Plate H can move in the Z-direction on another horizontal plate J , which is permanently fixed on clamp block M. The contact between plates H and J is at three points only via hardened steel balls on hardened steel runway strips which are embedded in H (see figure 5 ). This three-ball support fixes Y-motion (axial position in the flow tube) and prevents rotation φ around X and θ around the Z-axis in a stiff way, as the three balls are on a large radius, well distributed around the axis of the tube. The ball contact is maintained and stiffened by a downward spring pre-load force additional to the weight force. Preload in the elastic regime is beneficial to contact stiffness of point contacts. Two of the balls are symmetrically spaced in the X-direction and run on horizontal flat strips S. The third ball runs in a hardened V-groove G mounted on the centre line of the flow tube for symmetry. This fixes the X-position. The remaining two degrees of freedom are the Z-position, which must be adjustable in equidistant steps through the measurement volume, and the rotation around the vertical axis Y. By using two detents f , spaced well apart in the Xdirection, on the horizontal plate H, the rotation and Zposition are both fixed. These two detents are pre-loaded upwards against racks, e, that are fixed on each side of the horizontal plate J . The and Z fixation is accomplished with high stiffness due to the pre-load on the detents and the large distance between the detents, as the stiffness is proportional to the squared distance. The Z-position of the two detents is taken in a horizontal spring steel plate sp which allows pushing down to release the detents, shifting in Z and releasing, whereupon the detents engage to provide repeatable stepwise positioning along the racks. The other end of the spring steel plate is permanently fixed to the horizontal plate I and thus rod R. When the detents are engaged, the spring steel plate is perfectly horizontal. The pitch of the racks and detents is 2 mm with an error of less than 1 µm. A Z-position change can be effected quickly and repeatedly within seconds, allowing rapid calibration data gathering, taking typically 10 min. This is important to avoid time loss which could affect positioning through thermo-mechanical effects. 
The illumination method
During the calibration measurements, the calibration grid is homogeneously illuminated from behind using a halogen light source. Considering the light output needed for the illumination of the measurement volume during the 3D PTV measurements, the use of a continuous light source would result in serious heat development issues. High-intensity discharge lamps offer a large light output, at a higher efficiency if compared to halogen lights, but suffer from the fact that they normally flicker at the rate of twice the ac frequency which complicates camera synchronization. The use of a laser to illuminate the volume would require a large financial investment in a new and powerful laser. In the light of all these considerations, two strong stroboscopic light sources with an output of about 5 J per pulse each have been developed. These stroboscopes illuminate the measuring volume from both sides of the volume (in the X-direction) during the actual 3D PTV measurements. The light pulse duration is approximately 40 µs, ensuring virtually instantaneous seeding particle images for the Reynolds numbers considered. At Re b = 5300 a seeding particle travelling at the maximum fluid velocity undergoes a displacement of about 3 µm during the light pulse, which is much smaller than its diameter. The strobes are custom-made in-house for this project to optimize light output and camera synchronization; they have a maximum pulse frequency of about 100 Hz and can be synchronized with the cameras with a negligible delay. A photograph of the set-up with working stroboscopes is shown in figure 6 .
Performance assessment
As stated in section 2.2, the accuracy of the calibration procedure is very important. In order to assess this accuracy, four tests have been performed:
• First, the fit procedure that determines the calibration constants of equation (2) is examined.
• A second test checks whether the calibration unit suffers from hysteresis effects.
• Furthermore, the net 3D localization accuracy is assessed.
• A last test compares the calibration results at the start and the end of a measurement day to determine the long-term reproducibility.
The results of these tests are described below. In section 5, actual 3D PTV measurement results performed with a realization of the set-up design described in section 3 are compared with DNS calculations to check whether the total system accuracy is satisfactory.
Calibration accuracy
For the first test, digital pictures of the calibration grid have been analysed for all three cameras. The deviations in grid point centre positions between the grid fitted using equation (2) and the original grid have been calculated using 50% of the 225 grid points. The results for n o = n c = 1, 2, 3 and 4, corresponding to 3, 6, 10 and 15 fit parameters respectively, show decreasing fit errors when increasing the number of fit parameters from 3 to 6 or 10. Increasing the number of fit parameters even further to 15 shows a decrease in the Fstatistics, without a further decrease in the fit error. The F-statistic is defined as
with n being the number of measurements, k the number of restrictions or parameters in the fit function and the coefficient
should preferably be close to 1 but is always somewhat less. The result of a single measurement is denoted with y i , theŷ i are the corresponding predictions of the fit function andȳ is the average of all y i . The above decrease in F-statistic indicates an abundance of fit parameters, so n o = n c = 3 is optimal for the present set-up. The procedure has been carried out for three different sets of randomly chosen points. Averaging these results showed that the mean deviation in x i as well as y i direction is about 7 × 10 −3 pixels for all cameras. If we bear in mind that the inaccuracy of the 2D particle location can amount about 0.1 pixels, the fit error has no detectable influence on the total accuracy.
Translation hysteresis
To test the linearity of the movement of the calibration unit, the grid is moved back (increasing Z) and forth (decreasing Z) while taking pictures every 4 mm. An ideal translation table does not suffer from hysteresis effects and the series of pictures taken while moving away from the cameras, series 1, would be identical to those taken on the way back, series 2. Hysteresis tests with this set-up have pointed out that deviations between both series, on average, increase linearly with decreasing Z value to a maximum value of about 0.3 pixels, which corresponds to about 45 µm. This effect can be explained by the fact that thermal and mechanical effects add up with every repositioning action of the translation table. As the maximum position deviation due to the hysteresis effect during these tests is of the same order of magnitude as the particle localization inaccuracy and calibration measurements normally only include the increasing Z-movement, the average effect of hysteresis is considered to be negligible. If necessary, further improvements can be made by using an automated translation system, and thus bypassing disturbances due to manual translation.
3D particle position accuracy
The third accuracy test assesses the accuracy of the 3D PTV system as a whole. The calibration grid is traversed through the entire measurement volume, from position 1 at Z = 0 mm to position 26 at Z = 50 mm in steps of Z = 2.0 mm. The data gathered at the odd positions are used to calculate the calibration constants of equation (2) . Subsequently, this information is used to predict the grid point positions at the even grid positions. Comparison of the predicted and measured positions showed deviations with a maximum value of 5 × 10 −2 pixels in all three directions, which is sufficient because the minimal resolution mentioned in section 2.2 of 33 µm s −1 roughly corresponds to 0.2 pixels. As mentioned in section 2.2, the centre of seeding particles, or in this case grid markers, is determined using a grey-value weighted average method which, in theory, works better for larger particles. To test the effect of this statement on the 3D accuracy, a similar grid is manufactured with smaller holes, 0.1 mm and 0.3 mm. Repetition of the above test with this grid did not show significantly better or worse results than the test with the bigger grid markers. As the seeding particles diameters are of the same order of magnitude as the smaller holes in the second grid, it is fair to state that the accuracy of the 3D localization of seeding particles will satisfy the demands stated in section 2.2.
Calibration reproducibility
For the final test, the results of the calibration procedure before and after a long series of 3D PTV measurements are compared. This comparison is made for the results of three different days. The average deviations in all directions are close to 0.3 pixels. If one takes into account the switching between the calibration unit and the pipe section just above the measurement section, this value is quite satisfactory. These results confirm that the calibration procedure is reproducible and indicate that undesirable camera movements during measurement days do not occur.
Turbulent pipe flow measurements
To prove its applicability on turbulent pipe flow, results obtained by the new 3D PTV system are compared with DNS. Section 5.1 briefly describes important aspects of the processing of 3D PTV data.
During preliminary measurements, light reflection problems in the tube wall were found to disturb the measurements in an important part of the measurement volume. Such reflections are inherent to optical measurements in pipe flow and are discussed, together with a solution, in section 5. [24] and Eggels [23] for Re b = 5300 and Veenman [24] and Wagner [25] for Re b = 10 300. The 3D PTV results are represented by the circles. fluctuations. To show that the 3D PTV system is capable of capturing this behaviour, statistical properties of these fluctuations are compared with DNS results at Re b = 5300. Further statistical analysis is beyond the scope of this paper.
Data processing
The most rapid, physical velocity fluctuations are expected to have a characteristic frequency close to the Kolmogorov frequency, f k , which is shown to be about 1 Hz for Re b = 5300 in section 2.1. To remove high-frequency measurement noise, the measured particle tracks are filtered using a low-pass smoothing filter as was first introduced by Savitzky and Golay [20] . To obtain a cut-off frequency just above f k , a filter span of 17 points with order 3 is used. The filter process is repeated ten times to get rid of high-frequency fluctuations in the transfer function. The problem of velocity bias, as described in detail by [21] , is overcome by using the following particle sampling method for the calculation of statistics at radial position r crit as introduced by Walpot et al [22] :
If the instantaneous particle position r satisfies equation (5), then r is considered as corresponding to a useful particle trajectory. Here r denotes half the width of the sampling volume. All particles that can be found inside the specified volume at a certain time are taken into account. At each time step that a particle is situated within the specified volume, a ghost particle is created. Because particles with a low radial velocity are less likely to move to other radial positions, they will create more ghost particles than a faster one. The ghost particles also contribute to the statistical averages, thus compensating for the velocity bias, see [22] . A disadvantage of this method is that a particle with a relatively high radial velocity can pass r crit while it is never detected within the specified volume at a discrete time step. We found that the requirement 2 r > u t, with u being a typical large radial velocity value, is appropriate. in the tube wall is recognized in the camera images as bright white areas. The light intensity of these areas is higher than that of the seeding particles, making them locally invisible. When using conventional light sources, the only way to avoid reflections is to eliminate the difference in refractive index. A polarization filter is very efficient in filtering out the reflections, but also absorbs too much of the light reflected by the seeding particles. The use of a laser illumination technique would make it possible to use fluorescent particles and wavelength filters for the cameras, to filter out the wavelengths associated with the reflected light. This method of illumination requires a very powerful laser because the beam has to be split up into a volume of about 85 × 120 × 50 mm 3 and only a small portion of the available laser light is reflected as useful light by the seeding particles. Both financial and these practical considerations led to the choice of the stroboscopic light source described in section 3.3. The B reflection regions hinder the 3D PTV measurements in a central region of the measurement section and locally cause a minimum of recognized particles and long particle tracks around r/R ≈ 0.5.
Optical disturbances
The intensity of the B reflections regions is reduced to an acceptable level by locally coating the inner tube wall with matt black paint. By simultaneously increasing the seeding diameter to 200 ± 50 µm, the local minimum in number of recognized particles and short particle tracks disappears. The seeding material remains unchanged, and thus the relaxation time increases by a maximum factor of 25 but is still acceptable if compared with the Kolmogorov time given in section 2.1.
Pipe flow statistics
Mean axial velocity profiles as determined by the new 3D PTV results, denoted by the circles, and DNS results of Eggels et al [23] and Veenman [24] , denoted by a solid line, are shown in figure 8 . Due to their negligible size, no error bars could be plotted. The various DNS results are indistinguishable and no discrepancies between the experimental and numerical results are visible. This indicates that the set-up is created such that a fully developed turbulent flow profile is achieved, as claimed in section 3.1. The 3D PTV results presented below for Re b ≈ 5300 are averaged over 50 separate measurement sets of 2 min each. The measurements were performed with a frequency of 30 Hz and at each time step, on average, 150 particles were recognized. The seeding density was deliberately kept this low, to maximize the length of the measured particle tracks. The average Reynolds number during the 50 sets was Re b = 5320 ± 30. The average Reynolds number for the Re b ≈ 10 300 3D PTV results is Re b = 10 290 ± 40. For this Reynolds number, 40 measurement sets of 2 min each are available, with an average number of 100 recognized particles per time step. Before the application of the black paint to the inner tube wall, the statistics shown in this section were only available up to r/R = 0.6. Even with the anti-reflection measures it is impossible to accurately determine near-wall behaviour, for r/R > 0.9, due to light diffraction close to the 5 mm thick glass tube wall. Minor improvements are still possible if one improved the calibration procedure such that the calibration grid can reach into the near-wall region.
As mentioned in section 2, the velocities in radial and tangential directions are much smaller than the axial velocities (between 0 and about 15 mm s −1 ). The fact that the new 3D PTV system is able to accurately determine the mean axial velocity does therefore not guarantee that it is also able to resolve the velocity fluctuations in all three directions. The normalized velocity probability density functions (PDF) in figure 9 show 3D PTV and DNS results of Veenman [24] at r/R = 0.5 for all three cylindrical velocity components at Re b = 5300. Furthermore, velocity mean square value (MSV) profiles are plotted in figure 10 . Apart from some minor differences, the results are similar. Similar results have been obtained at other radial positions, indicating that the seeding particles are indeed able to follow all flow fluctuations and that these fluctuations are captured by the 3D PTV algorithm.
Conclusions
A highly accurate, statically determined, 3D PTV setup for velocity measurements in pipe flow has been designed and tested. The set-up guarantees accurate camera positioning while the camera-to-measuring volume distance and orientation can be adjusted easily and accurately. A reliable position calibration method for closed ducts has been designed and validated. The calibration accuracy and reproducibility is shown to be satisfactory. Several accuracy tests confirm that the system can be operated close to optimal optical accuracy.
The new 3D PTV system has been realized and tested on turbulent pipe flow. The mean axial velocity profile is compared with DNS at Re b = 5300 and Re b = 10 300, both methods give similar results. A detailed look at the PDFs and MSV profiles for all velocity components at Re b = 5300 shows that velocity fluctuations are accurately captured by the new 3D PTV system.
